The nitrogen-doped (N-doped ), type Ib, synthetic diamond (100) surface was investigated by means of X-ray photoelectron spectroscopy ( XPS) and ultraviolet photoelectron spectroscopy ( UPS ). Photoelectron emission data from the boron-doped (B-doped ) and the N-doped diamond (100) surfaces were compared and permitted the energy band diagrams for these differently terminated surfaces to be drawn. We observed emission from energy levels below the conduction band minimum up to the vacuum level and therefore succeed in evaluating the negative electron affinity (NEA) of the hydrogen-terminated diamond surfaces. Both the hydrogen-terminated N-and B-doped diamond (100) surfaces show NEA values of at least −0.2 and −1.0 eV, respectively, while the hydrogen-free surfaces show positive electron affinity. In contrast to the hydrogen-terminated B-doped (100) surface, UPS measurements on the hydrogen-terminated N-doped (100) surface do not reveal a high intensity NEA peak owing to the strong upward band bending. The high intensity NEA peak of B-doped diamond seems to be due to the downward band bending together with the reduced work function because of hydrogen termination. The work function increases for subsequent hydrogen desorption at higher annealing temperatures with associated loss of NEA. For the N-doped diamond (100) surface the work function behaves similarly but the observation of a NEA peak is absent because of the surface barrier formed by the upward band bending.
Introduction
diamond with electronically active impurities (nand p-type) is necessary for many of these semiconductor device applications. With the exception of Important progress in chemical vapor deposition boron, all impurity atoms are larger and will [1] [2] [3] (CVD) of diamond in order to produce (100) deform the diamond lattice because of the small and (111) oriented, textured, and boron-doped tetrahedral radius of carbon (0.77 Å ). Boron and (B-doped) films together with the negative electron nitrogen are the only impurities in diamond, which affinity (NEA) characteristic of these surfaces has have been shown to be substitutional [3] . In most stimulated interest to develop NEA diamondnatural diamonds (type Ia diamond) nitrogen, in based electronic devices for high-frequency, highfairly substantial amounts, is present as aggregate temperature and high-power applications. Doping or is located on interstitial positions in the crystal lattice. Synthetic, high-pressure, and high-temper-type Ib diamonds. Measurements of photoconduc-NEA of −0.7 eV was assumed for this type of diamond and −1.7 eV for the O-Cs-treated diation, optical absorption, and resistance as a function of temperature in type Ib diamonds suggest mond [10] for the emission of electrons into vacuum. Recently, the same group presented a that the level due to substitutional nitrogen is situated 1.7 eV below the conduction band minicold cathode emitter based on a field emission Spindt cathode using a diamond film doped by mum (CBM ) [4, 5] . Because nitrogen forms a deep donor level in diamond, it is electrically inactive substitutional nitrogen [11] . The device shows high field emission currents with a low voltage of at room temperature as a dopant but plays an important role in the recombination and compen-0-1 V mm−1. Such a Geis-Spindt diamond field emitter has been studied theoretically [12] . The sation of electrical carriers. Very few diamonds are effectively free of nitrogen (type IIa diamond) and cathode performance is limited by the injection of electrons into diamond from the back-metal conhave enhanced optical and thermal properties owing to their strongly insulating behavior. The tact while the emission performance is explained by the stable NEA of diamond, which allows the type IIb diamond is a pure (free of nitrogen) and type of diamond rare in nature, which shows injected electrons in the diamond to be emitted into vacuum with low electric fields of p-type semiconducting properties. This semiconducting behavior is due to substitutional boron 0-1 V mm−1. Natural, B-doped diamond surfaces have been acceptors in diamond at 0.36 eV [1] above the valence band maximum ( VBM ). Boron is the only investigated using various experimental techniques, such as Auger electron spectroscopy [13] , impurity that has been successfully doped into diamond to fabricate thin p-type CVD films for ion scattering [14] , thermal desorption [15] , highresolution electron energy-loss spectroscopy device applications. No shallow n-type dopants have been found, although n-type behavior of (HREELS) [16 ], X-ray and angle-resolved ultraviolet photoelectron spectroscopy ( XPS, ARUPS) diamond doped with nitrogen, phosphorus, sodium and lithium has been reported or predicted [13, [17] [18] [19] , and X-ray photoelectron diffraction ( XPD) [20] . These surface-sensitive techniques [1] . As a matter of fact, in most cases, the n-type behavior was associated with defects created require a very low surface roughness and no surface contamination. Our natural diamond surfaces during the introduction of the impurities (ion implantation) because the semiconducting properwere cleaned by a microwave hydrogen plasma at 870°C and at a pressure of 40 mbar [21] . Low ties could not be sustained following high temperature annealing. However, CVD investigations energy electron diffraction (LEED) patterns [18] and scanning tunneling microscopy (STM ) images have shown that small quantities of nitrogen added in the gas phase during the CVD of diamond lead
[22] of the B-doped (100) surface confirm the (2×1) reconstruction which is stable even in air. to beneficial changes in the growth rate, texture and morphology [6, 7] .
STM images show large, atomically flat terraces for the B-doped hydrogen plasma treated (100) Very recently Okano et al. [8] reported heavily nitrogen-doped (1020 cm−3) diamond films grown surface, which is an indication of the efficient surface polishing. The hydrogen-terminated (2×1) by CVD which show field emission of electrons at a threshold voltage less than 0.5 V mm−1 which reconstructed (100) surface ((100)-(2×1):H surface) prepared in this way is assumed to have a augurs well for cold cathode technology. The nitrogen-doped (N-doped ), type Ib, synthetic diamonohydride surface termination [15, 16 ] , also confirmed by calculations [23] [24] [25] . It shows NEA mond has received much interest since Geis et al. [9] reported field emission of electrons from behavior, experimentally observed using UPS [18] and calculated using ab initio molecular dynamics N-doped diamond. Emission from B-doped diamond requires vacuum electric fields of [26 ] . Annealing the crystal to 1100°C in ultrahigh vacuum results in a hydrogen-free (2×1) recon-20-50 V mm−1 [9] . Their measurements showed that N-doped diamond requires fields of only structed (100) surface ((100)-(2×1) surface) where the p-bonded dimers are responsible for the forma-0-1 V mm−1. In order to explain this behavior an tion of surface states [19] . This surface termination hydrogen plasma at 870°C and at a pressure of 40 mbar in order to avoid any surface contaminashows positive electron affinity (PEA) [18, 23, 26 ] .
The N-doped, type Ib diamond is a potential tion [29] . After hydrogen plasma cleaning the samples were mounted on a heatable (up to material for cold-cathode field emitters characterized by high field emission currents at very low 1200°C ) sample holder and transferred at ambient conditions to a VG ESCALAB Mk II spectrometer power [8, 11] (100) the N-doped diamond (100) surface is insulating at room temperature, the charging effects were surface would result in a work function of −0.5 eV, being a very questionable value.
compensated by illuminating the crystal by an argon ion laser (l=514 nm, P=25 mW ) for the Here we present UPS measurements from the N-doped, type Ib diamond (100) surface for XPS measurements and by doing the UPS measurements at a substrate temperature of 400°C. The different annealing temperatures. Photoelectron spectroscopy measurements from the B-and measurements at 400°C were performed in a mode with alternating heating and measuring cycles N-doped diamond (100) surfaces are compared with each other. In this article Section 2 describes (50 Hz) to avoid disturbing electric and magnetic fields due to the sample heating current. the experimental setup while Section 3 presents the photoelectron spectroscopy measurements of the N-and B-doped diamond (100) surfaces, respectively. In Section 4 the results are summarized in 3. Results the energy band diagrams whereas in Section 5 we conclude.
Principle of UPS for low kinetic energy electrons
In order to understand better the determination 2. Experimental of energy levels in our UP spectra, we show in Fig. 1 combined He I, He II spectra and the The diamond (100) substrates used in this study are a Ib (N-doped, N D =1020 cm−3) 3 mm×4 mm corresponding band schemes for the NEA (Fig. 1a) and PEA (Fig. 1b) cases, respectively. For diasynthetic crystal (commercial substrate grown using high-pressure techniques [1] ) and a IIb mond surfaces, the states near E F are better probed by the He II spectra. The reason for this is the (B-doped, N A =1016 cm−3) 5 mm×5 mm natural crystal. Both are oriented within 3°of the (100) more favorable photoemission cross-sections for He II. The cross-section of the 2p states at 8.0 eV crystallographic plane. The crystals were mechanically polished by Meyer AG (Biel, Switzerland ).
binding energy is lower for a photon energy of 40.8 eV than for an energy of 21.2 eV but it is The surfaces were cleaned by a microwave zero intensity, estimating an error of 0.1 eV. This error value is estimated from the error for the determination of the energy position and by the reproduction of the results (surface preparation). The VBM is extrapolated to zero intensity because the valence band of a semiconductor has a continuously decreasing distribution in contrast to metals where the tailing off is in part due to the spread in the Fermi distribution and therefore the Fermi level is determined at half maximum. We proceed in the same way as Cardona and Ley [30] or Hansson and Uhrberg [31] who have described the determination of the VBM for the silicon (100)-(2×1):H and (100)-(2×1) surfaces. The determination of the VBM position in the He II parts of the spectra is only correct provided that there are no occupied surface states and that states near the C-point of the bulk Brillouin zone (BZ ) are probed. The diamond (100)-(2×1):H surface is known to have no occupied surface states near E F [19, 32] , states near the C-point of the bulk BZ are probed (with the photon energy of 40.8 eV we are less than 0.2 Å −1 away from the C-point at normal emission) and therefore the determination of the VBM for this surface termination is possible.
When a diamond surface shows NEA, electrons thermalizing to the CBM are emitted very easily into the vacuum. They appear in the He I spectra ( Fig. 1a) as a sharp high intensity peak at low kinetic energy (around 5.0 eV ) and the energy position determines the CBM (because E vac lies below). The relative position of the CBM with respect to E F is chosen by the cutoff of the NEA peak with extrapolation to zero intensity ( Fig. 1a) within an error of 0.1 eV. We use the same argu- fingerprint for the determination of the energy We determine the energy levels at the cutoff positions with extrapolation to zero intensity. Labeled are the work function distance VBM−E F . In fact, deducing the energy w, the electron affinity x, the band gap E g , the vacuum level distance E F −CBM from the band gap (5.5 eV ), E vac , the photon energy hn, the Fermi level E F , the conduction we obtain the energy distance VBM−E F which band minimum (CBM ), and the valence band maximum must be identical to that determined with the He ( VBM ). Note the different intensity scales for the spectra of II spectra.
the (a) NEA and (b) PEA cases.
However, depending on the spectrometer used, these low energy electrons cannot overcome the higher for states near E F . We determine the VBM position near E F in the He II parts of the spectra work function of the electron analyzer and hence, cannot be detected. Therefore, a low negative bias ( Fig. 1a and 1b) by extrapolation of the VBM to between 0 and −10 V is applied to the sample [18, 30] . This applied bias voltage also eliminates the problem of secondary emission from the walls of the sample chamber and other parts of the spectrometer. For an applied bias of −1.5 V or below, the cutoff positions of the spectra do not further change. For PEA the vacuum level lies above the CBM and, therefore, the low energy cutoff in the spectra with extrapolation to zero intensity determines E vac (Fig. 1b) 0.06 eV. The nitrogen forms a deep donor level in the type Ib diamond with an ionization energy of in Fig. 3 . Hence, the microwave hydrogen plasma E D =1.7 eV [4] . For the N-doped (N D =1020 is well suited to prepare very clean natural diacm−3) diamond, our calculations predict the bulk mond surfaces and to obtain reproducible results Fermi level at 1.6 eV [36 ] below the CBM, 0.1 eV above the deep donor level (situated 1.7 eV [4] below the CBM ).
Nitrogen-doped synthetic diamond (100) surface
After hydrogen plasma cleaning [21] , the N-doped diamond (100) surface presents a (2×1) reconstruction as shown in the LEED pattern (E=154.7 eV ) of Fig. 2 . The spots corresponding to a bulk termination are marked by white squares while the other spots characterize the two domains of the (2×1) superstructure. The LEED pattern, measured at room temperature, is visible down to 60 eV electron energy. The hydrogen-saturated (100) surface prepared with this technique is assumed to have a monohydride surface termination [15, 16, [23] [24] [25] and is denoted (100)-(2×1):H. (#1015 cm−2) is high, E F of the hydrogen-free N-doped diamond is insulating at room temperature, the charging effects were compensated by (100)-(2×1) surface is pinned independently of the bulk dopant density [37] . The shifts of the illuminating the substrate by an argon ion laser for the XPS measurements.
bulk C 1s core levels for the differently terminated N-doped (100) surfaces lead to an increasing Changes in band bending with different annealing temperatures successively removing hydrogen upward band bending and therefore to a change in surface Fermi-level pinning. A detailed spectrum from the surface are illustrated by the XP normal emission spectra of the C 1s core level in Fig. 4 of the C 1s core level shows different shoulders, which change intensity during annealing [18] . The (the XPS measurements were carried out at room temperature). The Gaussian fit of the C 1s core C 1s core level of the (100)-(2×1):H surface has a shoulder at higher binding energies while the level (bulk and surface contributions) was mainly done to determine the C-C bulk position. For the (100)-(2×1) surface presents a shoulder at lower binding energies. The shoulder at higher binding N-doped (100)-(2×1):H surface it is situated at 286.7 eV binding energy and shifts successively energies can be explained by the C-H x (1<x≤3) bonds whereas the shoulder at lower binding enertowards lower binding energies (285.4 eV for the (100)-(2×1) surface). The positions and the shifts gies is due to the H-free p-bonded dimers [13] . The relative position of the VBM with respect are in agreement with the measurements of Smentkowski et al. [27] . For the (100)- (2×1) to E F obtained after annealing the (100)-(2×1):H surface to temperatures up to 1100°C is shown in surface, the p-bond dimers are responsible for the formation of occupied and unoccupied surface the He II normal emission spectra in Fig. 5 . The insulating behavior of the N-doped diamond at states [19] . Nitrogen acts as a donor and, therefore, the electrons of the high-lying bulk donor levels room temperature and therefore charging in UPS was eliminated by doing the UPS measurements populate the lower-lying unoccupied surface states. Owing to this charge transfer, E F drops (therefore at a substrate temperature of 400°C, where the upward band bending) and the surface bands fill until thermodynamic equilibrium is achieved. crystal is conductive. The Fermi level E F ( located at 40.8 eV kinetic energy) was determined from the He II spectra of the molybdenum sample holder. We assume the VBM at the position with extrapolation of the valence band to zero intensity (Fig. 5) . The diamond (100)-(2×1):H surface is known to have no surface states near E F [19, 32] , states near the C-point of the bulk BZ are probed and therefore the determination of the VBM for this surface termination is possible. For the (100)-(2×1):H surface annealed to 400°C, the VBM is determined to be 2.2 eV below E F what corresponds to an upward band bending of 1.7 eV (E F lies at 1.6 eV below the CBM in the bulk [36 ] and a band gap value of 5.5 eV ) for the N-doped surface. The UP spectrum of the (100)-(2×1) surface shows no major differences (no sharp sur- to 1100°C ) shows a small contribution centered at a kinetic energy of 40.1 eV near E F , which might be a surface state. Further experiments (such as VBM−E F which is greater than that determined with the He II spectra. The spectrum cutoff ARUPS measurements) have to be done.
An interesting question is whether the hydrogenincreases to 3.3 eV while the intensity do not change. For the 1100°C annealed surface, the terminated N-doped diamond (100) surface shows NEA like the hydrogen-terminated B-doped diaspectrum cutoff further increases to 4.7 eV while the intensity has decreased. The 400 and 600°C mond (100)-(2×1) surface [18, 19] . The NEA behavior for the B-doped diamond (100)-(2×1):H annealed surfaces present weak shoulders at the low kinetic energy part of the spectra. surface is normally detected by a peak of extremely high intensity at low kinetic energies in the He I spectrum ( Fig. 1, notice the different intensity 3.3. Boron-doped diamond (100) surface scales) and it is at the position of the CBM located above E vac . In the case of PEA the electrons are The B-doped, type IIb diamond (100) surface cleaned by a hydrogen plasma [20, 29] is stable in emitted into vacuum down to the vacuum level ( located above the CBM ). He I normal emission air and it presents no surface contamination as shown by the XP normal emission overview spectra are presented in Fig. 6 for the N-doped, 400-1100°C annealed (100)-(2×1) surfaces. The spectrum (Mg Ka, hn=1253.6 eV ) in Fig. 3 . Atomic force microscope images show a very relative position of the CBM with respect to E F is chosen by the cutoff of the NEA peak with extrapsmooth surface with a mean roughness lower than 5 Å (RMS) [29] while the LEED pattern shows a olation to zero intensity. The spectra cutoff of the 400°C annealed surface is situated at 3.1 eV.
clear (2×1) reconstruction on the as introduced surface [18, 21] . In fact deducing the energy distance E F −CBM=3.1 eV from the band gap (i.e. The change in band bending after annealing the (100)-(2×1):H surface up to 1100°C is illustrated 5.5 eV ), we obtain 2.4 eV for the energy distance level for the (100)-(2×1):H surface is situated at 284.0 eV binding energy and shifts successively towards higher energies (284.9 eV for the (100)-the NEA peak is observed and characterizes the spectrum cutoff. The photoelectron emission below (2×1) surface). The shifting of the C 1s core level indicates an increasing downward band bending the CBM up to the vacuum level will be discussed in Section 4. After annealing up to 400°C the cutoff and is in perfect agreement with earlier measurements done on the same surface [18] . The downposition of the NEA peak has shifted to 4.7 eV while the spectra cutoff is still situated at 3.9 eV. ward band bending is because boron acts as an acceptor. The different shoulders of the C 1s core After annealing up to 600°C the NEA peak shifts back to 4.9 eV. The shifting reverses because the level which change intensity during annealing have been explained for the N-doped diamond surface NEA peak vanishes successively on going up to 1100°C [19] . The (100)-(2×1) surface has its and discussed elsewhere [13, 18] .
The relative position of the VBM with respect cutoff situated at 5.3 eV, therefore showing a PEA (the cutoff energy position is greater than the to E F measured by He II has been presented in earlier experiments [18, 19] .
energy distance E F −CBM ) as predicted by calculations [23, 26 ] . He I normal emission spectra are presented in The previously presented UPS and XPS results allow us to draw the energy band diagrams for tally observed by the high intensity peak situated at 4.9 eV kinetic energy (by extrapolation to zero the N-and B-doped diamond (100) surfaces presented in Fig. 9 . In order to understand these band intensity). A peak at a lower kinetic energy than diagrams better, we discuss in detail the N-and up to the vacuum level E vac (supposing E vac at the cutoff position of the spectra) and permit therefore B-doped diamond (100) surfaces for the case of 400°C annealing. For the N-doped diamond surto determine an upper limit at the NEA value. If E vac is at an even lower position then the NEA face, deducing VBM−E F =2.2 eV (determined from Fig. 5 ) from the band gap (i.e. 5.5 eV ), we value is higher. Using photoelectron yield spectroscopy, Ristein et al. [39, 40] also measured photoobtain 3.3 eV for the energy distance E F −CBM and 1.7 eV for the upward band bending. The electrons below the CBM. They accorded the electrons to emission from defects. measured energy distance between E vac and E F is 3.1 eV (determined from Fig. 6 ) resulting in a NEA
The work function w of the B-doped diamond is slightly higher than that for the N-doped diaof −0.2 eV estimating an error of 0.1 eV. For the B-doped diamond surface, deducing mond. Similar results have been found for p-and n-type silicon surfaces [30, 41, 42] . Cardona and E F −CBM=4.7 eV (determined from Fig. 8 ) from the band-gap (5.5 eV ), we obtain 0.8 eV for the Ley [30] state that the work function w of a semiconductor is defined with respect to its Fermi energy distance VBM−E F and 0.5 eV downward band bending. Deducing the energy distance level, which can be altered by doping or by surface reconstruction. The different work function values between E vac and E F characterized by the spectra cutoff at 3.9 eV (determined from Fig. 8 ) from the result from the fact that the Fermi level E F at the surface is not pinned exactly in the middle of the distance E F −CBM=4.7 eV results in a NEA of −0.8 eV estimating an error of 0.1 eV. Therefore band gap (E F of the p-type surface is nearer to the VBM and E F of the n-type surface is nearer to the He I normal emission spectra (position of the cutoff with extrapolation to zero intensity) allow the CBM ) [30, 41, 42] . The differently pinned Fermi levels for the hydrogen-terminated N-and us to fix the distance between E F and the CBM or between E F and E vac , respectively. The increasing B-doped diamond surfaces is due to the fact that hydrogen removes the p-type surface states inducband bending of the two differently doped diamond surfaces was determined by the shifts of the ing a flattening of the bands at the surface. The (100)-(2×1):H surfaces have a work function C 1s core levels (Figs. 4 and 7 ) while the energy distances E F −VBM were determined by the He II approximately 1.5 eV lower than that for the (100)-(2×1) surfaces. Similarly to alkalis on metal surnormal emission spectra ( Fig. 5) . Both the B-and N-doped (100)-(2×1):H surfaces show NEA by faces, H-termination with C-H bonds at the surface results in a surface dipole layer, decreasing w determining the energy positions of the UP spectra by the cutoff with extrapolation to zero intensity. of the diamond (100) surface by approximately 1.5 eV. It is then a logical consequence that we A different energy position determination would change the interpretation and especially the observe a slightly different NEA value for the Nand B-doped diamond (100) surfaces. The quantity electron affinity. The fact that we determine NEA values for the hydrogen-terminated B-and which changes similarly for the two different terminated N-and B-doped diamond (100) surfaces is N-doped diamond (100) surfaces suggests that we measure electron emission below the CBM. By the work function while the energy distance E F −CBM and the band bending change secondary electron emission spectroscopy, Yater et al. [38] also observed this low kinetic energy differently. The hydrogen-terminated N and B-doped diashoulder but for the cesiated diamond (100) surface. They suggested that for a high NEA value, mond (100) surfaces show NEA because of the wide band gap (i.e. 5.5 eV ) and the reduced work low kinetic energy electrons at the surface, which populate energy levels below the CBM (unoccupied function (due to hydrogen termination). In addition, the B-doped diamond (100)-(2×1):H surface surface states) can still be emitted into the vacuum [38] . Therefore, the low kinetic energy shoulders shows a small downward band bending and therefore the electrons can easily escape to the vacuum or peaks of the spectra, respectively, characterize the emission from energy levels below the CBM by forming a high intensity peak observed experi- mentally by UPS. In contrast to the B-doped by photoemission studies on alkali-antimony compounds that the most efficient emitters are those (100)-(2×1):H surface, UPS measurements on the N-doped (100)-(2×1):H surface do not reveal a with p-type behavior. Like the downward and upward band banding of B-and N-doped diahigh intensity NEA peak due to the strong upward band bending. The electrons have to overcome the mond, respectively, the bands of n-type alkali-antimony compounds have the tendency to turn barrier of upward band bending at the surface (therefore not forming an NEA peak). A similar upward at the surface reflected by an increasing of the electron affinity barrier [43] . effect was observed by Spicer [43] , who showed 
Conclusion
N-doped diamond (100) surface, to an increasing upward band bending due to the donor ability of nitrogen, and for the B-doped diamond (100) The N-doped diamond (100) surface with hydrogen termination has been investigated by surface to an increasing downward band bending due to the acceptor ability of boron as shown by means of XPS and UPS for different annealing temperatures. Photoelectron emission data from XPS. Both (100)-(2×1):H surfaces show NEA as measured by UPS. In contrast to the B-doped the B-and the N-doped diamond (100) surfaces permit the energy band diagrams for the differently diamond (100) surface with hydrogen termination, UPS measurements on the N-doped diamond terminated (100) surfaces to be drawn. The Fermi level E F is situated at 1.6 eV below the CBM for (100)-(2×1):H surface did not reveal a high intensity NEA peak. The high intensity NEA peak of the N-doped diamond (100) surface, while for the B-doped diamond (100) surface E F is situated at B-doped diamond seems to be due to the downward band bending together with the reduced work 0.3 eV above the VBM. Annealing the crystals to temperatures of up to 1100°C leads, for the function because of hydrogen termination. The
